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Abstract

Increased flood peak discharge and sediment load have been observed following the
Cerro Grande Fire in Los Alamos, New Mexico. Because of concerns about the
potential migration of radionuclides, a sediment transport model, HEC6T, was used
to describe the observed scour, deposition and sediment transport in the wake of the
fire. The model was then used to evaluate a grade-stabilization alternative in the
portions of the channel, which the model predicted would be the most adversely
impacted by post-fire scour. A fifty-year simulation was used to test the effectiveness
of grade control - relative to taking no action. The simulation showed that the most
upstream grade stabilization structure trapped the most sediment. Scour could occur
below the structures. By causing sediment to deposit on the upstream side of the
structure, the water flowing over the structure is able to scour because transport
capacity is above the concentration in the flow. Overall, the simulations showed that
grade stabilization can be an effective method for reducing scour. However, the
design and emplacement of the structures requires analyses and interpretation
accounting for hydrology, hydraulics, sediment transport and sediment yield.

Introduction

In May 2000, the Cerro Grande Fire burned a total of 17,400 hectares, including
about 85% of the steep forested lands in the headwaters of streams that flow through
Los Alamos County, the Los Alamos National Laboratory (LANL), and Pueblos
located in the Jemez Mountains and on the Pajarito Plateau in Northern New Mexico.
Much of this was high severity burn, which burned both trees and the underlying duff
layer. The fire preceded the summer rainy season, which is characterized by intense
convective rain events. Flood peaks following the fire increased by one or more
orders of magnitude relative to pre-fire flood peaks (Canfield et al, (in press). Roads,
buildings, sewer lines and other infra-structure located in canyon bottoms were
damaged by post-fire flooding and coincident sedimentation and scour. Of particular
concern is the fact that sediment in some of the canyons downstream of LANL





facilities contains low levels of residual contaminants from weapons related activities
during and following the Manhattan Project (Lane, et al., 1985;Graf, 1994; Reneau et
al.,, 1998). Concern over the impact of post-fire hydrologic processes on human
safety, facilities and infrastructure prompted the development and application of
models to assess the likely magnitude of post-fire flooding (Earles et al, 2004; McLin
et. al 2001) and its impact on sediment and contaminant transport (Wilson et al.
2003;Wilson et. al 2001; Canfield et al (in press))

The HEC6T model was calibrated against cumulative volume change determined by
ALSM (Airborne Laser Scanning Mapping) digital electronic data collected in July,
2000 and November, 2001. This period included a 40 m’/s event that has been
estimated to be a 5-year post-fire event (Earles et al, pers. comm., 2003). This event
was approximately two orders of magnitude greater than the peak discharge of 0.3
m°/s measured in the seven-year period of record prior to the fire. The determination
of the cumulative volume change is the subject of a separate paper. The results of the
sensitivity analysis and model calibration are also described elsewhere (Canfield et al.
(in press)).

The observed pattern of scour and deposition in Pueblo Canyon strongly mirrors the
channel gradient, and the calibrated HEC6T model describes this pattern. The
presumed source of the plutonium in Pueblo Canyon is Acid Canyon, a tributary in
upper Pueblo Canyon (Reneau et al, 1998). From Acid Canyon to about station 7770
m (stationing in m above the confluence of Pueblo Canyon with Los Alamos
Canyon), the channel is steep (>2%), but with very little stored alluvium. From
station 7770 m to station 3660 m, the channel profile is linear with a gradient of about
1%, and deposition has been observed to occur. The lower reach, from the 3660 m to
the outlet of Pueblo Canyon (i.e. station 0), has a convex profile with a gradient that
increases to about 2%. The model predicted that the channel would scour in the
upper and lower reaches, and agrade in the middle reach. However, the lowest
portion of the channel from about 2600 m to the confluence with Pueblo Canyon was
predicted to experience the greatest volume of scour, and was, therefore, predicted to
be at the greatest risk to mobilize contaminants (Wilson et al. 2003).

An investigation aimed at assessing the usefulness of the HEC-6T sediment transport
model (Thomas, 2003) in evaluating the performance of grade control structures in
Pueblo Canyon was undertaken as part of the proposed remediation activities. This
study uses the calibrated HEC6T model to consider the predicted effect of grade
control on Pueblo Canyon near Los Alamos, New Mexico below burned watersheds.

Grade Control

Grade control is one of the most common methods used to reduce scour in gullies and
channels. The concept of these structures is simple. Raising and stabilizing the bed
of a channel at intervals reduces the average slope of the channel bed, thus
contributing to a net decrease in the transport capacity of the flow, and total shear
exerted on the bed. This cannot only prevent scour. It can cause deposition of the





coarser particles in the flow. While grade control clearly traps sediment upstream of
the grade control structure, some analyses have concluded that net change in stored
sediment may be small (Simon and Darby, 2002). These authors’ analysis indicates
that the grade control must be installed above a nick point so as to prevent the
migration of the nick point upstream. Furthermore, they note that while the grade
control structure traps sediment, more scour may occur downstream of a structure,
because the flow may be above transport capacity for some particle size classes, thus
contributing to downstream scour that may be greater than would occur in the
absence of the structure.

Objective
The objective of this study is to determine the relative impact of grade control on
preventing the migration of sediment containing residual concentrations of

radionuclides in the lowest 2600 m of Pueblo Canyon. The concept was to cover
these sediments with cleaner sediment derived from further upslope (Figure 1).

Use of Grade Control to Prevent

“Clean” Sediment from Upslope

Accumtulates Behind Grade Grade
Stabilization Sfructure ‘*\* Stabilization
~ Structure

Figure 1 — Example of the proposed use of grade control to limit scour of sediment
with radionuclides.

Methods

The study describes the impact of grade control on stabilizing sediment upstream of
structures relative to the no action alternative using the HEC6T model to evaluate this
impact when subjected to a 50 year stochastic flow sequence.





Grade control was designed to focus on stabilization of the channel bed in the lower
reach of Pueblo Canyon where the model predicted significant bed degradation and
channel instability under baseline conditions of no grade control. The design featured
grade control structures located every 152 m from below cross-section 2590 m to the
confluence of Pueblo and Los Alamos canyons. This scenario aimed to decrease the
slope of the lower reach of Pueblo Canyon from about 2 % to about 1%.

The HEC6T Model

HEC6T (Thomas, 2003) is a one-dimensional sediment transport model that couples
the solution of the gradually-varied form of the Saint Venant Equations with the five
basic sedimentation processes: erosion, entrainment, armoring transportation,
deposition and the compaction of sediment. The HEC6T Model is an update of the
widely-used United States Army Corps of Engineers HEC6 Model (USACE, 1995).
HEC6 has been used to model scour and deposition in channels (Sinnakaudan et al.
2003; Zeng and Beck 2003). HEC6T allows scour and deposition to be described at a
cross-section, with a reach being characterized by the space between the two cross-
sections. For each reach, the sediment available for scour can be envisioned as a
control volume with a given width, depth and length.

Classical, non-cohesive sediment transport functions are used for sand and larger
particles (> 0.0625 mm), and cohesive sediment transport functions are used for silts
and clays (< 0.0625 mm). The empirical coefficients, that are required for the
cohesive functions, can be prescribed in the input data. For this simulation the Yang
(1973) total load sediment transport capacity equation was used to calculate sediment
transport and deposition.

Structural Implementation of Grade Control in HEC6T

The grade control structures in the lower reach of Pueblo Canyon were implemented
in the model by modifying existing HEC6T cross-sections so that the top elevation of
the cross-section was 1.5 m above the level of the bed. The erodible depth parameter
was set to zero at these cross sections. In addition, erodible depth was set to zero in
the two cross-sections downstream of the grade control cross-section. This aimed to
simulate engineered armoring below the grade control structures, and allowed
predicted flow velocities on the downstream side of the structure to stabilize as they
would under actual conditions.

The design also included representation of buried grade control in the upper reach of
Pueblo Canyon. These structures, installed perpendicular to flow and level with the
elevation of the existing bed, aim to limit scour without trapping sediment. The
structures were implemented in the model by assigning a value of zero to the erodible
depth parameter at the HECOT cross-section representing the structure. The
specifications for the revised grade control structures are given in Table 1.





Table 1 - Specifications for positions and heights of modeled grade control

structures
Upstream Number of | Approximate
cross-section | Downstream | structures distance Bed height
ID number | cross-section |between cross- between cross-| above
ID number sections sections Thalweg
(distance (distance
upstream along |upstream along
thalweg in thalweg in
meters) meters) (m) (m)
2599 149 17 152, 1.52
4029 2802 10 152, 0
5643 4883 6 152, 0
5968 5802 2 152 0
7143 6829 3 152 0
Total 38
Post-Fire Discharge

To test whether the implementation of grade control is predicted to be effective, a
series of post fire flow events was prepared using stochastic methods. These events
focused entirely on events that occur in the summer monsoon at soon after post-fire
conditions. Runoff rates are known to decline over time as the watershed recovers
(e.g. Robichaud et al. 2000). This recovery was not considered in these simulations
in order to assume a conservative (i.e. worst case) scenario.

Post-fire peak discharges were dramatically higher than pre-fire peak discharges.
After the fire, the previous peak discharge of 0.31 m®/s for the previous seven years
was exceeded numerous times. A peak discharge of 40 m*/s was measured on J uly 2,
2001 and six events greater than 3 m’/s were observed between June 2000 and July
2001. Based on post-fire runoff modeling, this event has approximately a 5-year
return period event (Earles, pers. comm. 2003). Using this series of events from June
2000 to July, 2001, as well as the peak discharge events from 2002 (16.4 m®/s) and
2003 (28.3 m’/s), a fifty year long post-fire sequence of runoff hydrographs was
prepared to evaluate the effectiveness of grade control scenarios. The stochastic
method assumed that on average, six events occurred each year with a maximum of
10 events in a year, and a minimum of 6 events in a year. Using this method, the 40
m>/s event occurred in 12 of 50 years (i.e. 24% of the time), which is once every 4
years, slightly more frequently than every five-years. In each year events occur in
random order.





Results

The model predicted the greatest influence of grade control on bed scour and
deposition in the lower reach of Pueblo Canyon. The model predicted 1 to 2 m. of
scour along the bottom 2600m of Pueblo Canyon for the no action scenario. In
contrast, the grade control structures caused significant bed agradation in the channel.
Figure 2 shows that after 50 years of simulated floods, most of the structures have
filled in a crest to toe manner.
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Figure 2 - The model predicts that after 50 years, the no action scenario (solid red
line) will result in significantly more scour through the lower reach of Pueblo
Canyon than the grade control scenario (blue solid line). The black solid line
shows the “pre-fire” profile of the bed.

In Figure 2, the grade control profile is just slightly higher than the base profile, while
the no-action profile is clearly below the base profile. The figure shows that the
depth of scour without the structures will be greater than the depth deposited with the
structures in place. While the model predicts scour below some structures (e.g.
downstream of second structure at ~2,200m), the final grade control profile is higher
than the predicted no-action alternative profile for the entire profile.

While the scour depth is greater than the deposition depth in figure 2, the volume
increase from grade control is much greater than the predicted volume decrease from
scour in the no-action alternative as indicated in Figure 3.
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Figure 3 - The blue line shows the simulated volume of scour or deposition in the
channel at the end of the 50 yr simulation with structures in place (cubic
meters/meter of channel). The red line shows the simulated volume change in this
reach without the structures.

The apparent greater scour along the profile than deposition occurs, because scour
tends to incise the narrowest portion of the channel, while deposition fills to the
widest limits of the grade control structure. Therefore, the impact of the grade
control is to deposit more material behind the structures than would be scoured if the
structures were not in place.

Impact of Grade Control on Sediment Yield and Export of Fines

The model also predicted that the grade control would trap a significant amount of
course and fine sediment. Table 2 summarizes the effectiveness of grade control as a
sediment trap as a function of time. It is important to distinguish the effectiveness of
trapping for both fine and coarse sediment. Trapping of fines is of particular concem,
because plutonium adsorbs strongly to particles, so more plutonium is transported on
fine particles that have a higher specific surface area. ‘

At the end of five years the model predicted that the grade control structures would
trap 74% of the coarse material and 26% of the fines moving through Pueblo Canyon.
At the end of 50 years, the structures would have trapped 30% of the coarse material
and 19% of the fines moving through the system. Although the effectiveness of grade
control as a sediment trap is predicted to decrease with time, the structures act to





stabilize bank material upstream of the structure, making contaminated bank material
unavailable for transport.

Table 2 - Summary of impact of grade control on sediment transport

Simulation | Material Type No With Tons %
Year Structures, | Structures, ([Trapped by| Trapped
Tons Tons Structures
Passed Passed

5/Sand and Larger 171,969 44,734 127,235 74.0%
10/Sand and Larger| 335,553 137,391 198,162 59.1%
15/Sand and Larger, 516,816 266,459 250,358 48.4%
20/Sand and Larger|  657,029| 366,344 290,685 44.2%
259and and Larger] 829,965 498,006 331,959 40.0%
30|Sand and Larger 935,895 578,032 357,863 38.2%
35[Sand and Larger|  109,4685 709,394 385,290 35.2%
40/Sand and Larger|  123,8985 831,448 407,537 32.9%
45/Sand and Larger|  138,2863 954,006 428,857 31.0%
50/Sand and Larger| 1475364/ 1,034,074 441,290 29.9%

5| Silt and Clay 107,396 79,523 27,874 26.0%
10| Silt and Clay 205,079 157,738 47,340 23.1%
15| Silt and Clay 308,410 241,647 66,763 21.6%
20| Silt and Clay 387,885 306,722 81,163 20.9%

25| Silt and Clay 485,081 387,056 98,025 20.2%
30| Silt and Clay 544,563 436,486 108,076, 19.8%
35| Silt and Clay 632,486 509,796 122,689 19.4%
40| Silt and Clay 714,289 578,226 136,063 19.0%

45| Silt and Clay 797,686 647,945 149,741 18.8%
50| Silt and Clay 851,237 692,658 158,579 18.6%
Discussion

Other studies have noted that a series of grade control structures can have the effect
of excessive deposition on the upsiream end, and excessive scour downstream of the
last structure. Simon and Darby (2002) studied the effect of grade control
downstream of structures in loess (silt and silt loam) soils in Mississippi. A series of
grade control structures were installed in 1980, which resulted in a net increase in the
volume of deposition behind the structures. However, the study concluded that net
scour would occur in the reach as a whole, because more scour would occur
downstream of the last structure as the stream returned to transport capacity. The
study showed a moderate decrease in trapped sediment from the upper to the lower
structures.





While this decrease from upper to lower structures is much more pronounced for the
simulations at Pueblo Canyon, the sediment at Pueblo Canyon is much coarser than
the sediment from loess streams in Mississippi. In Pueblo Canyon, sediment is
transported in high-discharge, ephemeral flows, with an appreciable coarse bed load,
which is likely to be trapped uspstream of a structure. This is in contrast to the silt
loam soils in Simon and Darby’s (2002) study, which are more likely to be
transported as suspended load, and may be more readily transported over a structure.

An alternative approach would be to place the structures at a shorter spacing, so as to
reduce the gradient to virtually zero. Lenzi and Comiti (2003) studied the effect of
grade control on stabilizing a mountain stream in the Alps. Unlike the scenario used
in Pueblo Canyon, these grade stabilization structures had a reverse grade (i.e.
downstream crest is above the toe of the upstream structure). The net effect of these
structures was to trap sediment, and decrease the particle size of sediment passing to
the next downstream structure. There was no protection below the structures, and a
plunge pool formed below most of the structures. Downstream of the plunge pools, if
the distance between structures was large enough, sediment was deposited
downstream of the plunge pools, thus raising the bed. If the distance between
structures was too short, the plunge pools extended to the next downstream structures.
Therefore, there may be a risk in placing structures too close together, and certainly
the cost would be greater.

Conclusions

Although model predictions show that appropriately designed grade control provides
sediment and thus, contaminant trapping benefits, this modeling activity was
primarily aimed at examining the efficacy of using HEC6T to evaluate remediation
options in Pueblo Canyon. The study demonstrated that HEC6T can be used to
evaluate and optimize engineering options to control sediment and contaminant
transport in canyons at Los Alamos.

The model runs showed that grade control could be effective at stabilizing plutonium-
bearing sediments subjected to a 50 year simulation of high discharge, sediment-rich
events. It did not address the effectiveness of other remediation solutions. Modeling
would provide a means to optimize a design for plutonium transport control that can
be both effective and cost efficient.
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Abstract

~ The Cerro Grande fire of April 2000 burned 19,300 hectares (ha) (47,650
acres [ac]) in and around the Los Alamos National Laboratory (LANL). Wright
Water Engineers, Inc. (WWE) analyzed immediate post-fire flood hydrology because
greatly increased flood and debris flows in the many bumed subbasins posed
concerns to downstream areas and infrastructure of LANL. After three years of forest
recovery and working with scientists and land managers of LANL, WWE conducted
evaluations on the effect of the then-ongoing revegetation/restoration of the burned
areas on flood flows, specifically for the 100-year flood (Q100)-

Applying the SCS Technical Release 55 (TR-55) method, WWE computed
pre-fire and post-fire runoff curve numbers (CNs) for 31 subbasins. These data,
supplemented by similar data for 24 small subbasins affected by the 2002 Long Mesa
fire at Mesa Verde National Park, were used in an analysis that included four major
components: '

1. Estimation of CNs that represent pre-fire conditions for watersheds.

2. Use of CN ratios to demonstrate subbasin recovery, including burn severity
effects represented by a Wildfire Hydrologic Impact (WHI) factor.

3. For various WHIs, development of a theoretical relation showing the change
in the CN ratio due to post-fire hydrologic changes during an “ideal”
recovery period.

4. From these concepts estimate the Qg at various stages of subbasin
recovery.

For most subbasins with moderate to severe burn intensities, recovery was
estimated to take from 6 to 10 years. For the most severely burned subbasins,
however, analysis shows that recovery to pre-fire hydrologic conditions may take up
to 10 to 20 years.
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Introduction

The Cerro Grande fire of April 2000 burned 19,300 ha (47,650 ac) in and
around LANL. Following the fire, it was quickly realized that the potential for
greatly increased flood and debris flows in the many burned subbasins posed a
variety of concerns to downstream areas and some of the infrastructure of LANL.
WWE was asked by officials of LANL to conduct investigations into the effect of
ongoing revegetation/restoration of the burned areas on subbasin hydrology,
specifically the 100-year flood (Q100).

Curve Numbers

In the early stages of the post-fire analysis of potential flood flows, the TR-55
method was one of the approaches used by LANL, the Burned Area Emergency
Response (BAER) team, and others to predict the post-fire change in the Q100. This
method was developed by the Natural Resource Conservation Service (NRCS),
formerly the Soil Conservation Service (SCS). The method incorporates vegetation,
stream channel, and soils information to determine runoff coefficients, which are then
used in conjunction with design storms to estimate resultant flood magnitude.

Central to the application of the TR-55 method is the determination of a
subbasin SCS runoff CN, the value of which characterizes the subbasin infiltration
capacity, and is dependent on factors such as the Hydrologic Soil Group, cover type,
treatment, hydrologic condition, and antecedent runoff condition. Because the
method is empirical, Dr. John Moody (U.S. Geological Survey [USGS], personal
communication 2003) cautions against the use of CNs for evaluating watershed
response to fires, especially in areas such as Los Alamos that are dominated by
convective storms that have not been sufficiently tested by the method. Nonetheless,
many others, including Dr. Robert Jarrett of USGS and interagency BAER teams,
recognize this method can be useful for evaluation of post-fire hydrology, especially
when time is critical.

As part of previous investigations for LANL, WWE computed pre- and post-
fire CNs for 31 subbasins in the Los Alamos area and used these CNs as input to a
model (HEC-HMS) for estimation of the potential increase—post-fire compared to
pre-fire—in flood discharges for all areas affected by the Cerro Grande fire. In
consideration of these CN determinations, the subbasins were initially delineated to
reflect as uniform a burn severity as practical. The pre-fire CNs were based on
rainfall-runoff analysis by LANL for those subbasins where rainfall-runoff data
existed, while the post-fire CNs were initially determined by area weighting the burn
severity in each subbasin using the following criteria given in Table 1. The initial
post-fire CN values were “fine-tuned” based on data from rainfall/runoff events in the
summer following the fire.
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TABLE 1
POST-FIRE CURVE NUMBERS FOR VARIOUS BURN SEVERITIES

Burn Severity Estimated CN
Unburned 55-75
Low 80-83
Moderate, without hydrophobic soils 87
Moderate, with hydrophobic soils 89
High, without hydrophobic soils 92
High, with hydrophobic soils 95

Pre-Fire Versus “Natural” Condition

As emphasized by Dr. Craig Allen (USGS, spoken communication 2003), the
objective of post-fire recovery should be to return to a “natural” condition rather than
to a “pre-fire” condition. The “pre-fire” condition—as represented by the pre-fire
CN—does not equate to the “natural” condition. Fire suppression since about 1880
has resulted in extensive overgrowth of most forest systems. Thus the hydrologic
characteristics of those systems have changed by varying degrees since that time,
resulting in an “unnatural” hydrologic condition. In the specific case of the Cerro
Grande fire, the overgrown condition of the burned forest is not expected to be the
future condition because of recent changes in forest-management - practices and
philosophy, and as a result, return to the condition of the forests prior to the Cerro
Grande fire is not a reasonable goal nor expectation. Therefore, in the following
discussion the post-fire recovery period is defined as from the immediate aftermath of
the fire (“initial condition™) to the “natural” condition.

The “natural” condition was quantified using information given in TR-55.
For the Los Alamos area, which is characterized by soils that are in Hydrologic Soil
Groups C and D, Table 2-2e of TR-55 shows CNs for various types of land cover and
the hydrologic conditions: poor, fair, or good. Table 2 summarizes information
shown for the “woods™ cover type.

Again for a land cover type of “woods,” footnotes for Table 2-2e of TR-55
describe the poor hydrologic condition partly in terms of whether or not the area has
been subjected to “regular burning,” whereas the description of the good condition
speaks of “protected” areas. From these data one can subjectively conclude that
future conditions for wooded subbasins in the Los Alamos area would consist of:

1. Cycles of prescribed fire or minor (low intensity) wild land fire, which are
intended to mimic low intensity wildfire (Robichaud 2000) and thus can be
initially characterized by a CN typical of “poor” hydrologic conditions, and

2. Recovery” periods, which would eventually be characterized by a CN
typical of the “good” hydrologic condition. In consideration of this
rationale, the “natural” condition was defined for subsequent discussions as
the hydrologic response associated with a CN about 10 percent greater than
the CN associated with the “pre-fire” condition.
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TABLE 2
SUMMARY OF CURVE NUMBER INFORMATION FOR HYDROLOGIC

SOIL GROUPS CANDD
Soil Group C Soil Group D
Hydrologic Ratio to CN for a Ratio to CN for a
Condition =~ CN  Hydrologic Condition of CN  Hydrologic Condition
“Good” of “Good”
Poor 77 1.10 83 1.08
Good 70 77 e

Source: NRCS

Curve Number Ratios

. The approach to subbasin recovery used by WWE was based on a CN ratio,
the ratio of post-fire CN to pre-fire CN. With recovery of the watershed, and in the
absence of subsequent disturbances such as another wildfire or a significant change in
land use, this ratio decreases at some rate over time, as revegetation and other
variables change the subbasin hydrology, subbasin hydrologic response should move
towards its “natural” condition (CN=1.1 represents the pre-fire CN ratio of 1.0 plus
10 percent) and then, if pre-fire watershed management practices continue, to its pre-
fire (CN=1.0) condition.

The scope of the analysis of the relation between the CN ratio and the flood
hydrology of burned subbasins during the recovery period included:

e Examination of how the CN ratio varies depending on burn severity.

o Estimation of the approximate number of years before the post-fire CN
ratio approaches 1.1, which represents the time of hydrologic recovery to
the “natural” condition.

o Examination of how the relation varies over time from the initial post-fire
condition to the time when the subbasin has hydrologically recovered
(CN~1.1) from a hydrologic standpoint.

o Using the estimated changes in the CN ratio during the subbasin recovery
period, showing how a subbasin Qoo might change over time.

The overall objective of this analysis is to provide LANL officials and others
with information on how the flood hydrology of the small (less than 2.5 square miles)
affected subbasins may change over time, and thus additional information on which
to base ongoing management decisions in the wake of the Cerro Grande fire.

Curve Number Ratios and Burn Severity

In order to analyze CN data previously compiled by WWE for 31 designated
subbasins in the study area, as well as other similar data that will be discussed later, it
was necessary to classify the information using Figure 1, which defines a WHI as a
function of the percentages of the subbasin that have been determined to have burn
severities of “high” or “moderate.” Since areas with “low” burn severity naturally
recover within only a couple of years and do not have sufficient hydrophobicity to
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significantly change their water infiltration characteristics (“Fire Burn Intensity,”
Gallatin National Forest, unpublished) they were not considered in determining a
subbasin WHI. The relationship was developed based on engineering judgment and
iteratively refined by study of relationships between available data on pre-fire and
post-fire CNs. Figure 1 indicates that for a burned subbasin for which 20 percent of
its area had a moderate burn severity, the WHI would vary depending on the extent of
high burn severity, as shown in Table 3.

TABLE 3
VARIATIONS IN WILDFIRE HYDROLOGIC IMPACT CLASSIFICATION
DUE TO HIGH BURN SEVERITY

Percentage of Subbasin With a High Burn Wildfire Hydrologic Impact
Severity Classification
0-6 Low
7-48 Moderate
49-80 Severe
100
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Figure 1. WHI for Small Burned Subbasins as a Function of Burn Severity
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Two aspects of this classification system are noteworthy. First, although the
depicted “sudden” changes from one classification to the next are not realistic, there
is insufficient information on which to quantify a “transition” category. In such
circumstances where the subbasin burn severity data place it in close proximity to the
dashed lines separating the classifications, it seems prudent to evaluate the subbasin
based on both WHI classifications and the subsequent results either averaged or one
result chosen as preferable based on engineering or management considerations.
Second, the system does not differentiate or attempt to quantify the hydrologic
consequences of hydrophobic soils. However, in general terms the data for most of
the subbasins in the severe WHI category does indicate a very high percentage (over
40 percent) of hydrophobic soils, and many of the subbasins in the moderate category
have a high percentage (30 to 50 percent) of hydrophobic soils; subbasins in the low
category typically only have a small portion (0 to 20 percent) of the subbasin with
hydrophobic soils.

Figure 2 was developed by analysis of: (1) CN data for the 31 small, 31 to
650 hectare (0.12 to 2.5 square miles) subbasins in the Los Alamos study, and (2)
similar data for 24 small, 28 to 59 hectare (0.11 to 2.3 square miles) subbasins
affected by the 2002 Long Mesa fire at Mesa Verde National Park (MVNP) in
southwestern Colorado (U.S. Department of the Interior 2002). These data show that
the post-fire CN ratio for these subbasins varies depending on their pre-fire CNs and
WHI (severe, moderate, or low, as defined by Figure 1). The overall shape of the
relations is based on the shape of the limiting relation (CN ratio=100/CN) and the
fairly well defined relations for the WHIs of “low” and “severe.” Since the data are
less definitive for a WHI of “moderate” (note the five low ratio values—1.10 to
1.13—that are from the Long Mesa data set), the overall shape of the general relation
for a WHI of “moderate” was based on the more definitive relations for a WHI of
“low” or “severe.”

The generalized relation given in Figure 2 can be used to predict the post-fire
CN for any subbasin in the Los Alamos area that has been impacted by severe wild
land fire if the pre-fire CN is known and burn severity data are available in order to
determine the WHI from Figure 1. Figure 2 is applicable to the Los Alamos area and
other areas in the southwest with similar pre-fire CN values and hydrology. Since
ratios of CNs are used to evaluate the post-fire condition relative to the pre-fire CNs,
Figure 2 is not applicable to areas with different pre-fire rainfall/runoff
characteristics.
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Figure 2. General Relation Between Pre- and Initial Post-Fire CN Ratio for
Indicated WHI

Time Required for Hydrologic Recovery of Burned Subbasins

The literature provides little information on subbasin recovery, particularly as
it relates to changes in flood hydrology in the aftermath of major forest fires. For
some Australian watersheds affected by brushfire, Brown (1972) indicated that
recorded streamflow data suggested that the watersheds might have recovered in four
or five years. Helvey (1980) reported that for ponderosa pine/douglas fir forests
impacted by wildfire large increases in runoff occurred during years two through
seven. According to Ms. Deborah Martin (USGS, spoken communication 2003),
who has done extensive post-fire hydrologic research, the literature generally speaks
of median recovery periods of 3 to 8 years, with some periods of up to 15 years.
Clearly, there are many factors that cause such a wide range in recovery periods, and
some severely burned areas have not recovered from forest fires that occurred well
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beyond 15 years ago. Higher altitude forests subjected to severe fires can take a
century or more to fully recover.

There is some information more specific to higher-elevation forests in New
Mexico. Veenhuis (2002) analyzed annual peak discharges on two similar
watersheds, Rito de los Frijoles (burned) and Bland Canyon (unburned), both before
and after the La Mesa fire in 1977. Mr. Veenhuis concluded that, as of 1999, the Rito
de los Frijoles watershed had not fully recovered in the 22 years since the fire. Dr.
Craig Allen (spoken communication 2003), who has extensive experience with the
ecology of the area burned by this fire, agrees with Veenhuis’ conclusion.

One can also examine some regional vegetation-recovery data, which has a
dominant impact on hydrologic response. Areas of MVNP that were affected by the
Pony-Bircher fires (2000) had an average of 65 percent bare soil in reseeded areas
after two years of post-fire recovery (Floyd-Hanna, et al. 2002), but “there was no
significant difference in shrub cover between burned and unburned areas” (Floyd, et
al. 2000). Similar data for the Cerro Grande fire indicated that by the fall of 2001
estimated vegetative ground cover for 30 study units averaged about 50 percent, an
increase of about eight percent since the preceding spring (Buckley, et al. 2002). It
would seem reasonable that both areas would be recovering at a much more rapid rate
had the burn severity been less and the weather conditions more normal.

Variation in CN Ratio During Recovery Period

Because the literature is generally lacking post-fire CN data during the
recovery period, the most difficult part of the analysis was determining how the CN
ratio changes during the post-fire recovery period. The previous discussions have
provided ratios immediately after the fire, and some general information suggests a
total recovery period—to “pre-fire” conditions—of up to 15 to 20 years or more for
severely burned subbasins, compared to less than 5 years for subbasins without
significant portions burned in the severe or moderate range.

Some additional information is available from WWE’s investigation of the
hydrologic consequences of the previously mentioned Pony-Bircher fires. For two of
the burned subbasins, Morefield and Prater Canyons, field investigations by WWE
found the initial post-fire CN to be about 87 compared to a pre-fire CN of 60, or a CN
ratio of 1.45. Based on burn severity information presented in the BAER report on
this fire, the WHI for both of these subbasins would be “severe”. After 27 months of
recovery, WWE determined that the CN had changed to about 80. This results in a
CN ratio of 1.33 after about 2 years of recovery during a period of general drought
conditions throughout the region. The nine years of pre- and post-fire observations
by WWE of Morefield Canyon indicates that post-fire recovery has been remarkably
slow in the semi-arid environment of the region.

Based on the previous discussions concerning the overall time for a fire-
affected subbasin to recover and the CN ratios for various WHis as given in Figure 2,
Figure 3 conceptually shows the time required before the CN ratio would return to
1.1, an indication the subbasin had hydrologically recovered to the “natural”
condition. This relationship indicates that a subbasin with a pre-fire CN of 52 and a
WHI of severe, which results in an estimated post-fire CN ratio of 1.7 (see Figure 2),
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would not completely return to the “natural” hydrologic conditions within a period of
about 20 years. This compares to a recovery period of about 12 years if the same
subbasin had a WHI of moderate (estimated post-fire CN ratio of 1.45) and only
about 4 years if the WHI was low (estimated post-fire CN ratio of 1.15).
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Figure 3. Conceptual Change in Curve Number Ratio During Period of Post Wildfire Watershed Recovery

Figure 3 is intended to illustrate a conceptual reduction in the CN ratio during
an “ideal” recovery period. Obviously the rate of hydrologic recovery of any
particular subbasin depends on many factors, including:

o Extent of post-fire rehabilitation, such as seeding, contour furrowing,
installation of straw wattles, etc.

e Weather conditions during the growing season, such as the amount,
timing, duration, and intensity of precipitation, temperature, wind, etc.

o Freeze and thaw cycles and snowmelt during the winter period.

e Land use during the recovery period, such as occurrence of logging
(thinning) or road building.

Lastly, the relationship shown in Figure 3 indicates immediate and rapidly
improving watershed recovery, a response that is questioned by some researchers.
Most certainly there has to be some “threshold” of vegetative recovery before its
impact on flood hydrology would be felt within a particular subbasin, but data are not
available to quantify the amount of time required to reach this point in the recovery
process.
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Curve Number Ratio as it Relates to Qg

To illustrate how this approach might be used to estimate changes in the Q)0
and other flood discharges during the post-fire recovery period, Pueblo Canyon
Tributary 01 (PUETO1) was selected because of its severe burn conditions and the
general importance of Pueblo Canyon to LANL officials. The BAER team data
indicated that 76 percent of this basin had a burn severity of high and 20 percent had
a burn severity of moderate. Table 4 shows for this subbasin the WHI classification,
the computation of estimated post-fire CN ratios, estimated post-fire CNs as a
function of time, and the associated estimated ()0 for selected post-fire years of
recovery:

TABLE 4
ESTIMATED POST-FIRE CN RATIOS, POST-FIRE CN AS A FUNCTION
OF TIME, AND ASSOCIATED Q0o DURING POST-FIRE RECOVERY
PERIOD FOR SUBBASIN PUET1

Estimated Post-Fire Qoo

Pre- . Estimated
Sub- . WHI  Post-Fire Estimated . Discharge
. Fire . . . Estimated
basin (Fig1) CN Ratio Post-Fire . )
CN . Year . Post-Fire cms cms/km
(Fig 2) CN Ratio CN £ £ /i’
(Fig 3) (cfs)  (cfs /mi%)
PUET1 56 Severe 1.62! Initial 1.6 91 35 15.74
(1,250) (1,440)
2 1.5 85 28 12.57
(990) (1,150)
5 1.4 78 20 9.07
(720)  (830)
10 1.2 70 13 5.74
(460) (525)
20 1.1 60 6 2.68

(210)  (245)

! Note that application of the method provided an estimated post-fire CN ratio of 1.62 for this
subbasin, which was very close to the “observed” ratio of 1.63.

The method described herein was similarly used to estimate the Qo0 for
selected post-fire years for all basins in Los Alamos, Pueblo, Rendija, and Guaje
Canyons that were impacted by the Cerro Grande fire. Though the post-fire Q;¢0 for
all subbasins did increase from the pre-fire condition, the results of this analysis
indicate that six subbasins were not burned severely enough to cause an estimated
Q100 greater than that expected to represent the “natural” condition. On the other
hand, this analysis shows that seven basins are not expected to recover to “natural”
conditions within a 10-year period, and that one severely-burned subbasin would not
be expected to recover to pre-fire conditions within a 20-year period (if the subbasin
was protected from wildfire and not subjected to occasional thinning and prescribed
burning as part of forest management practices.)
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Discussion

As stated at the outset, the overall objective of the analysis was to provide
LANL with information on how the flood hydrology of the affected subbasins may
change over time, and to thus provide additional information on which to base
ongoing management decisions in the wake of the Cerro Grande fire. The
examination of CN ratios for burned subbasins, which has utilized existing curve-
number data for the Los Alamos area as well as similar other areas, has yielded
several relationships (Figures 1, 2, and 3) that are regional in nature and reflect
“ideal” conditions for restoration and, therefore, do not attempt to quantify the unique
conditions of any particular subbasin. Further research will ideally provide the data
necessary to validate these relationships and this general approach to quantifying the
post-fire flood hydrology of small watersheds.
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Introduction

The hydrological impact of a severe burn forest fire, when viewed from the
vantage point of on-the-ground research hydrologists, is remarkable. While basin-
wide impacts are measured in terms of increased curve numbers, increased flooding
potential, vegetation and wildlife damage, and generalized potential soil loss via
erosion, one can better understand post-fire changes when one also sees and measures
detailed hydrological changes on a micro scale. It is then that the truly disastrous
nature of a major forest fire hits home.

The 2000 Bircher Fire in the heart of the Mesa Verde National Park (MVNP)
provided the opportunity for the Wright Paleohydrological Institute (WPI) to
document detailed forest hydrology, riparian zone, and channel regime changes and
to watch them happen. The opportunity was available because of our ongoing
hydrological research in Mesa Verde for the five years preceding the fire, coupled
with four years of study after the fire while performing paleohydrology studies under
National Park Service (NPS) permits. The story that we saw unfold is not a pretty
one in terms of both natural resource damage and loss of cultural archaeological
artifacts.

Study Area

The study area is represented by Morefield Canyon and Prater Canyon, each
having drainage basins of roughly 10.4 square kilometers (kmz) (4.0 square miles
[mi’]) upstream of our two archaeological study sites (Figure 1). The sites are
Morefield Reservoir (SMV1931) and Box Elder Reservoir (SMV4505), which were
designated as a National Historic Civil Engineering Landmark by the American
Society of Civil Engineers (ASCE) in 2004. The reservoirs are from the AD 750 —
1100 period.
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WPI estimated the year 2000 pre-burn curve numbers (CN) of the two watersheds to
be 60 or less, with vigorous forest growth of pifion and juniper trees interspersed with
oak woodlands, Douglas fir, sagebrush, and meadow grass. Our analysis of the
Morefield Canyon channel conditions before the fire told us that it had been decades
since significant water had flowed overland (Figure 2). The forest was healthy and
mature in both basins. The pre-fire basin conditions, because of fire suppression
activities in the 100-year-old national park, could be judged to be more vegetated
than under “natural” conditions.

The two canyons represented the highest population density of prehistoric
Mesa Verde people of 1,200 years ago. At that time, the basins were much less
forested than in the spring of 2000. The sites are roughly 19 kilometers (12 miles)
southeast of Cortez, Colorado.

Figure 2. The thalweg of Morefield Canyon was heavily vegetated prior to the forest
fire, providing evidence of infrequent flows. Rainfall and snowmelt mostly
infiltrated into the ground until July 2000 when the disastrous fire occurred. Here,
Doug Ramsey of the U.S. Department of Agriculture surveys the channel.
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Bircher Fire

Lightening caused this fire in the eastern part of MVNP on July 20, 2000.
The fire was controlled some 16 days later on August 5, 2000, after burning 9,360
hectares (ha) (23,220 acres). The centroid of the fire area was in the Morefield
Canyon drainage basin and near the Prater Canyon watershed. According to the
Burned Area Emergency Response (BAER) (U.S. Department of Interior 2000),
much of the burned area in both Morefield and Prater Canyons was high burn
severity. The canyon bottoms experienced low burn severity where there was
meadow grassland and sagebrush.

The BAER report estimated that potential post-fire storm runoff discharges
for the once-in-25-year frequency in Morefield Canyon would increase by seven fold,
from 25 cubic meters per second (cms) (900 cubic feet per second [cfs]) to about 178
cms (6,300 cfs). BAER did not estimate the hydrological impact for more frequent
runoff events, such as the 2-year frequency or those expected several times each year;
however, for the 2-year frequency runoff, the increase in runoff would be from zero
to perhaps a discharge approaching 3 cms (100 cfs).

It is the more-frequent runoff frequency that defines the canyon channels and
tends to shape the riparian corridor. Confirming our estimates, BAER opined that the
Morefield Canyon basin had been fire free for 100 years or more. This fire-free
period estimate, based upon aerial photograph review, also applies to Prater Canyon.
It should be noted that the BAER estimate of the pre-burn, 25-year frequency flood in
Morefield Canyon is too high when compared with our 1997 field analyses of
paleoflood hydrology reported to MVNP in December 1997. However, WPI was in
overall agreement with the BAER assessment of August 10, 2000 and found that its
evaluation was performed with a high standard of care and scientific expertise.

As a part of the pre-fire Morefield Canyon evaluations under the NPS permit,
team member Dr. Robert Jarrett of the U.S. Geological Survey (USGS) undertook
paleoflood studies in the canyon. His findings related to the last several hundred
years of the Morefield flood history were consistent with the geomorphology
analyses of the remainder of the research team. Paleoflood estimates were made at
12 sites along Morefield Canyon by Dr. Jarrett in 1997 from the Morefield
campground to Site SMV1931. Maximum paleoflood discharges range from about 7
to 10 cms (250 to 350 cfs) near Site SMV1931. The paleoflood stage indicators are at
least 100 years old and likely reflect the largest flooding in several hundred years.
The minimal record of flooding in upper Morefield Canyon is likely due to a
combination of: (1) thick, valley bottom pervious soils; (2) a mature forest; and (3)
infrequent, localized rainstorms at higher elevations. Most of Morefield Canyon
basin (upstream from 5MV1931) is above an elevation that is subject to extreme
rainfall-produced flooding in southwestern Colorado.

Prehistoric Morefield Canyon

Prehistoric Morefield Canyon basin conditions, as determined by detailed
field analyses in 1995-2000, are judged as follows for the AD 750-1100 period. It
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was important to our research study to estimate ancient hydrological responses to
determine prehistoric reservoir operational practices.

Ancient forest fires producing ash, on an average, occurred about once every
25 years according to an analysis of ash layers in the sediment layering in our
archaeological trench of 1997 (Figure 3).

High runoff periods, usually represented by multiple events, occurred about
once every 17 years, on the average, based on the layering contained in the Morefield
Reservoir excavation of 1997.

Typical basin CN values, based on documented prehistoric agricultural land
use (palynology studies), ancient forest cutting for firewood and clearing, and noted
forest-fire evidence, were estimated to be about 75 for the 10.9 km?® (approximately
4.2 mi®) basin. This compares to a 1995 to 1999 (pre-fire) typical basin CN of 60 or
less, with some prehistoric smaller area conditions approaching a CN of 87 from time
to time due to recovering localized basin areas following burning and prehistoric
agricultural activities.

Morefield Canyon

WWE made post-fire observations in
Morefield Canyon on August 20, 2000;
October 19, 2000; May 18, 2001; October 10,
2002; and May 1-4, 2003.

In August 2000, large portions of the
burned area from the 2000 Bircher Fire were
judged to be hydrophobic. ~An observed
rainfall of about 6.3 millimeters (0.25 inch) in
15 minutes caused significant flow from
canyon wall gullies; even small ones carried
runoff. Many of these minor discharges
caused small, shallow sediment flows onto the
canyon floor at the discharge points of the
gullies. By October 19, 2000, the thalweg of
Morefield Canyon and Site 5MV1931, where
the drainage area is about 10.9 km? (4.2 mi2),
was significantly changed from prior v
conditions. Sediment and ash deposits had  Figure 3. The excavation of the Morefield
been deposited from several previous modest  Reservoir in 1997 provided data on
runoff events that were in the range of 0.4 to  prehistoric flooding and forest fires.

0.8 cms (14 to 28 cfs). Sediment gradation
analyses collected from the canyon thalweg by Ernest Pemberton and Kenneth
Wright are presented in Table 1. The collection effort is shown in Figure 3.
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TABLE 1
POST-FIRE BED MATERIAL SIZE GRADATION
MOREFIELD CANYON—MAY 18, 2001

. ' Percent Finer Than Size in Column 1
Size (mm)

Sample #10 Sample #11 Average

1.19 100 100 100
.590 99 99 99.0
297 95 92 93.5
.149 70 60 65.0
074 32 29 30.5
.050 17 17 17.0
.005 10 9 9.5

.002 7 7 7.0

The 2000 Bircher Fire had created a markedly changed riparian condition in
the valley bottom of Morefield Canyon (Figure 4).

Figure 4. View looking upstream from Morefield Reservoir after

2000 Bircher Fire showing new sand deposits on the canyon floor
(10/10/2000).

One year after the fire, by May 18, 2001, the burn areas in Morefield Canyon
showed only minor improvement in rainfall-runoff characteristics from the previous
fall. Then, observations of Morefield Canyon at Site 5SMV1931 in October 2002
showed continued modest runoff events from the burned areas, as represented by new
sand deposits along the Morefield Canyon thalweg (Figure 5). Three years after the
fire, in May 2003, the thalweg area was well covered with grass.
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Figure 5. Looking upstream in Morefield Canyon from north
end of Morefield Reservoir shown in the foreground
(10/10/2002). Two years after the fire, the thalweg of
Morefield Canyon showed increasing sand deposits and little
vegetation. '

The immediate post-fire rainfall-runoff conditions in August 2000 in
Morefield Canyon can be compared with the documented pre -fire (1995 to 1999)
conditions as follows:

1.

The frequency of runoff had increased for small rainfall amounts. (Before
2000, the thalweg of Morefield Canyon was judged to have been flow free
for a decade or more.)

Side tributary alluvial fans had more active and defined runoff flow paths.

3. Large quantities of sediment were being transported from burned canyon

N e

10.
11.

12.
13.

walls to the main channel as a result of the burn.

‘Head cuts had increased below sediment-deposition areas.

Sediment wash was being deposited on trails and vehicle tracks.
Sediment deposits in the main channel contained charcoal high-water marks.

The low-flow channel was clearly defined by deposited sediments and scour
as compared to pre-fire conditions.

More wind and waterborne deposits of sediment were found in the
vegetative areas.

Grass had expanded into many areas once covered with sagebrush.
Overland flow increased, with more rills for rapid water conveyance.

Although meadows appeared lush after two years, there was no evidence of
brush regrowth.

Depositional and erosional sequences occurred on sides of the valley.

Scrub oak was re-sprouting in most of the oak thickets.
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14. In areas of dense pifion and juniper trees, the intense heat of the fire caused

considerable spalling and cracking of boulders. Large boulders (0.6 to 1.2 m
[2 to 4 feet] in diameter) are surrounded by a circle of spalled fragments.
These lens-shaped, spalled fragments had sharp edges and were commonly
15 to 20 centimeters (6 to 8 inches) across and 2.5 to 5 centimeters (1 to 2
inches) thick. This activity was critical to archaeology because it also
cracked and spalled relic building stones.

By October 2002, the burned area of Morefield Canyon exhibited the
following changes during the 27-month period since the fire:

1.

A reduction in the estimated bumn area rainfall-runoff CN was observed from
87 to 80 for high severity burn areas. Prior to the 2000 fire, the CN was
estimated to be 60 or less.

There was a significant reduction of ash wash off into the riparian corridor.

3. On some canyon walls, there was an initial recovery of canyon wall greening

7.

with clusters of scrub oak, having a density of about 10 green plants per 93
square meters (m?) (1,000 square feet [ft*]).

Although canyon bottom grass showed recovery of about 75 percent, there
was a complete absence of heavy growth of sagebrush, which existed prior
to the fire.

Due in part to 2002 being a drought year, wetland areas that fonnerly
contained cattails, ponded water, and miscellaneous vegetation were
essentially dry and thus represented a decreased groundwater table.

Frequent thalweg discharges of 0.4 to 0.8 cms (15 to 30 cfs) and related
sediment deposits were observed, whereas previously the thalweg would
seldom carry water (i.e., a 2-year runoff of 0 cms [0 cfs]).

Active, minor head cutting of the thalweg channel was occurring.

Prater Canyon

Prater Canyon is similar to Morefield Canyon. Prater Canyon (5SMV4505)
was studied in the field in October 2002 and May 2003. Prior to the 2000 Bircher
Fire, there was a valley floor with a good cover of sagebrush, grass, and small plant
growth; the land use was characterized as ungrazed rangeland. The sides of the
canyon are steep, with upland areas of pifions and junipers interspersed with rock
outcroppings and clusters of scrub oak. In October 2002, the low-intensity valley
bottom burn area in the vicinity of Site SMV4505 was subject to data collection and
monitoring that consisted of:

Mapping of topography.
Surveying of channel cross sections.
Infiltration testing.

Drilling auger holes.
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Surveying and evaluating the canyon channel thalweg.

The information thus collected indicated that for this drainage area of about
10.4 km? (4.0 mi?), the following conditions existed:

1.

High measured infiltration rates of 20 to 32 centimeters (8 to 13 inches) per
hour on the canyon floor where the burn severity was low and there was no
hydrophobicity, as would be expected for these soils. Runoff would be
negligible except during exceptionally intense rainstorms.

At an elevation of about 60 meters (200 feet) above the canyon floor, a
measured infiltration rate of 23 centimeters (9 inches) per hour near Site
5MV3190 was documented in an area of high intensity burn. At this
location, there was no hydrophobicity and the measured infiltration rate was
high even though the soil surface showed only minor vegetation recovery.
Runoff caused surface erosion was noted, likely because of the steeper slope
and lack of vegetation and duff.

Vegetation recovery along the slope of the canyon wall was limited to
clusters of scrub oak, having a density of 20 to 40 plants per 93 m2 (1,000
ft2), along with general modest grass and small plant growth that did not
represent more than a total of about 50 percent of normal cover. There was
no sagebrush recovery on the valley bottom, where previously sagebrush
was abundant.

During 2002, there was little or no evidence of ash wash inflow to the

canyon thalweg channel.

Recent (2002) thin deposits of sediment from side tributaries were frequently
present on the canyon floor, some reaching all the way to the thalweg
channel.

An active head cutting phenomena in the canyon thalweg was observed near
Site SMV4505, where the streambed is unstable and is characterized by
localized armoring with stones having a D50 of about 5 centimeters (2
inches).

We noted that surface erosion is damaging documented archaeological sites
on the west side of the canyon where archaeological sites were inspected.

Based on information available from aerial photograph analysis and visual
observations in the headwaters of the Prater Canyon drainage basin, the pre-burn CN
for the basin was about 60 or less. Immediately after the fire, the CN was likely
about 87. Although grass in the canyon floor meadows in October 2002 indicated
about 80 percent recovery, sagebrush had not begun to recover even in areas known
to have had a heavy cover of sagebrush prior to the fire. Local box elder trees were
just beginning to recover, with a few new leafy branches apparent. The pifion and
juniper forest was decimated. As of May 2003, it was estimated that the high severity
burned areas likely recovered to a CN of 80, similar to that of Morefield Canyon.
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Summary

The juniper-pifion forested canyon slopes of Morefield and Prater Canyons
were still considered to be subject to very high runoff potential in May 2003, some 33
months after the Bircher Fire. A precipitation event of 50 millimeters (2 cubic
meters) of rainfall in an hour would likely create a runoff volume of as much as
29,000 km? (60 acre-feet per miz), with large sediment flows, channel erosion, and
significant damage to archaeological sites.

The Prater and Morefield Canyon basins show a limited recovery between
August 2000 and May 2003 (Figures 6 and 7), represented by a CN improvement
from 87 to 80. The forest itself will likely require some 100 years to fully recover,
though nearly all “natural” condition watershed response characteristics recovery will
likely have occurred by 2020, with significant recovery by 2010.

On the other hand, the damage to archaeological sites can never be rectified.
Damage is irreversible. Pieces of pottery and bones washed downhill, middens are
eroded, building stones are spalled, and erosional channels are cut through
archaeological sites. The heroic efforts of NPS personnel after the fire have mitigated
damage, but only partially. Even now, additional funding could support important
protective work by the NPS.

Figures 6 and 7. Pre- and post-Bircher Fire views of Morefield Canyon with the archaeological Site
5MV1931 reservoir mound shown to the left (marked with an “X). Hydrological CNs for the
watershed range from 60 or less for the pre-fire photograph to 87 for the burned conditions.
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Abstract

The Missionary Ridge wildfire of 2002 burned more than 28,000 hectares (ha)
(70,000 acres [ac]) near Durango, Colorado. Risks posed by increased runoff and
sediment and debris flow potential were widely recognized, prompting
implementation of rehabilitation measures in many areas that had burned. This paper
describes the successful implementation of rehabilitation measures by the Florida
Water Conservancy District (FWCD) with the assistance of Wright Water Engineers,
Inc. (WWE) in the Knight Canyon and South Drainage watersheds. The watershed is
located above the spillway of the Lemon Reservoir, consisting of 184 ha (454 ac),
over half severely burned in the wildfire. FWCD officials were concerned with the
protection of the reservoir spillway from debris flows and the potential for heavy
sediment loading to the Florida River and downstream water supply intakes. FWCD,
with assistance from WWE, obtained a Section 319 grant through the Colorado
Department of Public Health and Environment (CDPHE) for implementation of
rehabilitation measures.

Rehabilitation measures implemented in the Knight Canyon and South
Drainage watersheds included log erosion barriers (LEBs) over 93 ha (230 ac), at a
density of 220 to 615 per ha (90 to 250 per ac) and 13 check dams and detention
basins. These measures have been regularly maintained and repaired since they were
installed. Five debris racks ranging in width from 5 to 14 meters (m) (15 to 47 feet
[ft]) were installed along major drainage paths, and as of October 2003, had trapped
nearly 150 cubic meters (m?) (200 cubic yards [yd3]) of debris. Other practices,
including hand seeding of approximately 41 ha (100 ac) and mulching and hand
crimping of 30 ha (75 ac) have proven effective. The effectiveness of the
rehabilitation measures was truly put to the test when 6.27 centimeters (cm) (2.47
inches [in]) of rain fell over a 13-hour period on September 9, 2003. Runoff,
sediment, and debris from the Knight Canyon watershed during this event were
substantially less than from other comparably sized, nearby watersheds that had not
received such extensive treatment.

Page 1





This paper also provides an overview of the effects of the Missionary Ridge
wildfire of 2002 on the Knight Canyon and South Drainage, a roughly 184-ha (454-
ac) watershed adjacent to the spillway of the Florida Water Conservancy District’s
(FWCD’s) Lemon Reservoir near Durango, Colorado. The paper describes: 1) the
post-fire hydrologic assessment and analyses performed by WWE in conjunction with
FWCD, 2) rehabilitation efforts by FWCD including measures implemented and
sources of funding, 3) effectiveness of rehabilitation measures during rainfall events
since the 2002 wildfire, and 4) “lessons learned” for future rehabilitation efforts.

Missionary Ridge Wildfire

The Missionary Ridge wildfire began on June 9, 2002 near Durango,
Colorado, in the midst of a record-breaking drought, following yet another winter
with less than average snow pack. Figure 1 is a vicinity map showing the City of
Durango (City) and the Lemon Reservoir, located approximately 23 kilometers (km)
(14.5 miles [mi]) northeast of the City. The Missionary Ridge wildfire burned more
than 28,000 ha (70,000 ac), mostly in the San Juan National Forest (Wilderness
Society 2003, Burned Area Emergency Rehabilitation [BAER] 2002). Figure 2
illustrates the extent of the Missionary Ridge wildfire (BAER 2002).

Wi MISSIONARY RIDGE FIGURE
WRIGHT WATER ENGINEERS, NC. VICINITY MAP 1
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Figure 2. Extent and Burn Severity of 2002 Missionary Ridge Complex Wildfire (BAER 2002)

Eighty-three structures were lost, and suppression costs were nearly $40
million (Wilderness Society 2003). The Wilderness Society provided a summary of
the Missionary Ridge wildfire in their March 2003 Science and Policy Brief:

The 2002 fire season was one of the biggest in the past half-
century. By the end of the year, fires had burned across 7.2 million
acres, costing of 31 billion to fight... The Missionary Ridge Fire began
on June 9, 2002, apparently from a carelessly discarded
cigarette...The fires occurred at the height of a record drought in
southwestern Colorado, resulting from a low winter snow pack and
only 1.3 inches of precipitation since the beginning of the year. Fuel
moisture and relative humidity were among the lowest ever recorded.

LEMON RESERVOIR AND FLORIDA RIVER

The Lemon Reservoir was constructed in 1963 and is operated by the FWCD
under the direction of Superintendent John Ey. The reservoir is located at an elevation
of approximately 2,490 m (8,167 ft) (dam crest) with a surface area of 252 ha (622
ac) and a maximum storage capacity of approximately 49.5 m’> (40,146 acre feet
[AF]). The watershed draining to the Lemon Reservoir consists of 180 square
kilometers (km?) (69 square miles [mi2]) of steep, predominantly forested terrain.
Soils in the watershed have hydrologic soil group (HSG) classifications ranging from
B to D, with a majority of type C and D soils. Due to the forested nature of the
watershed and the accumulation of forest litter and a substantial duff layer, potential
for wildfire induced hydrophobicity was high. Wildfire impacts in the tributary
watershed ranged from low to severe, with many of the most severe impacts
concentrated in the sub-basins immediately adjacent to the reservoir spillway and
stilling basin. The Knight Canyon (Photo 1), 146 ha (360 ac), with large areas of high
burn severity, drains to Lemon Reservoir in close proximity to the spillway. Concerns
with the Knight Canyon included structural safety of the spillway given potential for
debris flow, quality of water stored in the reservoir, potential for significant debris
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and sediment accumulation in the reservoir and
interruption of reservoir operation. The South
Drainage, immediately south of the Knight
Canyon with an area of approximately 36 ha (90
ac), posed a potential threat to the reservoir
stilling basin and the water quality of the Florida
River. Photo 2 shows a view of the Knight
Canyon and South Drainage after mulching was
applied in the summer of 2003 from the dam
crest.

The Florida River is the primary source of 2
drinking water for Durango. It also provides Photo 1. Knight Canyon Looking
supplemental irrigation water to 7,871 ha (19,450  Southeast Down at Spillway Entrance.
ac) of farmlands southeast of Durango. The
Florida River originates approximately 42 km (26
mi) northeast of Durango in the San Juan
Mountains and runs 80 km (50 mi) from the
headwaters to the confluence with the Animas
River. Impacts to the Florida River from the
Missionary Ridge wildfire were substantial.
Major tributaries including Shearer Creek and the
Lemon Reservoir watershed upstream of a
primary City water supply intake were severely
burned, creating the potential for debris flows,
dramatically increased sediment transport and  Photo 2. Knight Canyon and South Drainage
impairment of the major drinking water source for ~ from Lemon Reservoir Dam Embankment.
a city with a population of roughly 14,700.

Post-Fire Hydrologic Assessment and Analyses

WWE began working with the FWCD and the City before the Missionary
Ridge wildfire had been completely contained for expertise in post-fire hydrologic
and hydraulic evaluations and analyses. WWE performed work at Mesa Verde
National Park (MVNP) and at Los Alamos National Laboratory (LANL) in previous
years following the Cerro Grande wildfire in Los Alamos and after a number of
recent fires at MVNP, including the Bircher and Long Mesa wildfires. In addition,
through the Wright Paleohydrological Institute (WPI), the authors have been
examining wildfire impacts, rehabilitation, and recovery at MVNP since 1996. WWE
applied experience with post-fire hydrology at these proximate sites to evaluate peak
flow rate and runoff volumes immediately following the Missionary Ridge wildfire
for the Knight and South Drainages. Table 1 summarizes burn areas for the Knight
Canyon and South Drainage, and Figure 3 illustrates burn severity.
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TABLE 1
KNIGHT CANYON AND SOUTH DRAINAGE AREAS
AND BURN SEVERITY

Subbasin

Unburned
(ha/ac)

Total
- (ha/ac)

Moderate
(ha/ac)

Severe

(ha/ac)

Low
(ha/ac)

Knight
South
Total

5/12
0/0
5/12

44/108
2/5
46/113

31/78
1/4
32/82

67/166
33/81
100/247

147/364
36/90
183/454

71 Knightand South
Drainages
Burn Severity

B A B S R A A e

Figure 3. Burn Severity and Rehabilitation Measures for Knight Canyen and Seuth Drainage.

WWE’s hydrologic evaluation and analyses included the following elements:

1.

Field reconnaissance including photographic documentation, soil sampling,
hydrophobicity drop testing, canopy evaluation, identification of debris flow
potential and other measurements and observations.

National Resource Conservation Service (NRCS) Curve Number (CN)
evaluation of pre- and post-fire conditions including considerations for
changes in ground cover and CN values due to burn severity, changes in
initial abstractions, reduced infiltration potential, and watershed lag time. CN
values selected were based on field observations and experience at other
sites in the region including observations of gaged peak flow increases at
LANL following the Cerro Grande wildfire in response to rainfall events
that occurred during the summer of 2001 immediately following the fire.
The NRCS CN approach was applied to estimate pre- and post-fire runoff
volumes and peak flow rates because it is a method that can be rapidly
applied based on data typically collected by the BAER team following
wildfires. It is more appropriate than other physically based, but time
consuming methods for situations where a rapid assessment is necessary due
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to imminent risks to public health, safety and welfare as well as critical
infrastructure such as the Lemon Reservoir.

Tables 2, 3, and 4 summarize CN, initial abstraction and lag time estimates;
precipitation data for 2-, 10-, 25- and 100-year, 6-hour events; and hydrologic
calculations based on the NRCS CN method.

TABLE 2
ESTIMATES OF PRE- AND POST-FIRE CURVE NUMBERS, INITIAL
ABSTRACTIONS, AND LAG TIMES FOR THE NRCS CN METHOD

Curve Number Initial Abstraction Lag Time (hrs)
Subbasin (cm/in)
Pre-fire  Post-fire  Pre-fire  Post-fire  Pre-fire  Post-fire
Knight 60 76 3.38/1.33  0.56/0.22 1.4 0.9
South 60 82 3.38/1.33  0.08/0.03 0.4 0.2
TABLE 3

PRECIPITATION TOTALS FOR 6-HOUR STORM EVENTS

Return Interval (years), 6-hour Event  Total Precipitation (cm/in)

2 3.6/14
10 5.12.0
25 5.612.2
100 6.6/2.6
TABLE 4
PRE- AND POST-FIRE PEAK RUNOFF RATES AND VOLUMES FOR
6-HOUR STORM EVENTS
Knight Drainage
Peak Flow (cms/cfs) Runoff Volume (m*/AF)
Event Pre-Fire  Post-Fire Ratio Pre-Fire  Post-Fire Ratio
2-yr, 6-hr 0/0 2.07/73 N/A 0/0 120/10 N/A
10-yr, 6-hr 23/8 4.19/148 19 2,4702  23,440/19 10
25-yr, 6-hr 37/13 5.01/177 14 3,700/3  28,370/23 8
100-yr, 6-hr  .82/29 6.77/239 3 7,400/6  38,240/31 5
South Drainage
2-yr, 6-hr 0/0 2.24/79 N/A 0/0 4,930/4 N/A
10-yr, 6-hr 11/4 4.02/142 36 490/0.4 8,630/7 16
25-yr, 6-hr 20/7 4.67/165 24 1,230/1.0  9,870/8 8
100-yr, 6-hr  .48/17 6.00/212 12 1,850/1.5 12,330/10 7

The results of hydrologic calculations for the Knight Canyon and South
Drainage were relatively consistent with experiences at LANL, Mesa Verde, larger-
scale BAER estimates, and other studies in the southwest (Buckley et al. 2002;
Floyd-Hanna, et al. 2002; Floyd et al. 2002; U.S. Department of Interior 2002). These

Page 6





estimates, more localized in nature than the BAER analysis, confirmed the concerns
of FWCD for the safety of the Lemon Reservoir water quality, spillway, stilling basin
and Florida River water quality. The response was a large-scale rehabilitation effort
for the Knight Canyon and South Drainage.

Rehabilitation

Soon after the BAER report was published, FWCD along with WWE worked
to develop a plan to implement recommendations contained in the BAER report, as
well as to develop additional Best Management Practices (BMPs) to provide a greater
degree of protection to the intake, spillway, stilling basin, and general water quality of
Lemon Reservoir and the Florida River. The burned area near Lemon Reservoir
occurred primarily on private land; hence funding from traditional sources including
the U.S. Forest Service and the Bureau of Reclamation was not available. So, the
District looked elsewhere. They put up both cash and in-kind funds to help secure
grants from the NRCS Emergency Water Protection (EWP) Program, as well as the
Non-point Source Program of the CDPHE's Water Quality Control Division. This is
the point where this rehab project really separated itself from other post-fire
rehabilitation projects.

In August 2002, less than one
month after the Missionary Ridge Fire was
declared 100 percent contained, on-the-
ground work to repair, protect, and reclaim
, the areas around Lemon Reservoir that had
been hardest hit by the fire, had already
begun. Work in Knight Canyon was
identified as the highest priority, since the
potential for debris flows from this canyon
following a rain event constituted the most
serious threat to the facilities and water
supply. With smoke still smoldering from  ppgto 3. Earth and rock check dam in Knight
fallen trees, 13 rock and earth barrier check  Canyon holding back sediment and debris after
structures with overflow depressions were  September 2002 rain event.
constructed in the canyon. These structures
ranged from 6 to 18 m (20 to 60 ft) in length, and 1.5 to 2.5 m (6 to 8 ft) in height
(Photo 3). To ensure these structures would perform as designed and to prevent
“shock” loads as a result of debris flows and debris dams, all debris was removed
from Knight Canyon.

For further protection from debris flows, steel debris racks, constructed from
15-cm -diameter (6-in-diameter) steel pipe, were installed; three in Knight Canyon
and two in South Drainage, which drains into the spillway area directly downstream
from the dam. These impressive structures (Photos 4 and 5) were anchored in
concrete below ground, and extended above ground, 1 to 2 m (6 to 7 ft). A Vibro-
Hammer attached to a Trac-Hoe was used to install the structures.
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Photos 4 and 5. Debris Rack in South Photos 6 and 7. LEBs constructed in the
Canyon holding back debris after area around Knight Canyon.
September 2002 rain event. '

As an additive measure to prevent debris from entering the spillway, a 213-m-
long (700-ft-long) bypass channel was constructed and concrete jersey barriers wer
installed above the spillway area. ‘

In the Knight Canyon and South Drainage, LEBs were constructed on over 93
ha (231 ac) (Photos 6 and 7). Like many other rehabilitation measures on this project,
the LEBs exceeded the accepted government specifications; from 200 to 625 per ha
(80 to 250 per ac) were constructed (compared to government specifications which
call for 75 to 100 per ha [30 to 40 per ac)).

The final measure to be implemented was perhaps the most rigorous and
demanding aspect of the entire project—seeding, mulching, and crimping the burned
area in and above the two canyons. Over 172 metric tons (190 tons) of straw mulch
was spread and imbedded into the soil, all accomplished with manpower alone.
Approximately 100 ha (250 ac) have been replanted to date. In addition, thousands of
seedlings have been planted in the burn area around the reservoir.

Implementation of these measures, many by hand, was only the starting point
of watershed rehabilitation. FWCD initiated a rigorous maintenance, repair, and
replacement program for BMPs in the watershed. FWCD had periodically removed
sediment from LEBs, detention areas and check structures. Revegetation has been
closely monitored and supplemented as necessary. Photo 8 illustrates the success of
revegetation as of the summer of 2003.
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By the end of 2004, $326,218
had been spent on rehabilitation and
maintenance through the Clean
Water Act Section 319 Non-point
Source grant program, including
non-federal match money and
contributions from the Supplemental
Environmental Program (SEP) grant
provided by the CDPHE, all to
protect the Lemon Dam facility
valued at between $136 and $150
million.

Photo 8. Example of Revegetation Success.

Results

The Lemon Reservoir rehabilitation has been cited as a success by CDPHE,;
FWCD, La Plata Soil Conservation District (LPSCD), Southwestern Water
Conservation District (SWCD), and numerous Florida River ditch companies. These
entities heralded the project as “what has arguably become the largest and most
aggressive post-fire watershed rehabilitation effort ever attempted by a local entity in
La Plata County and possibly the state of Colorado (FWCD 2004).” CDPHE cited
the project as a model Section 319 project. The project was awarded the 2004 Section
319 “Hall of Fame” award for moving dirt.

The effectiveness of the rehabilitation measures was truly put to the test when
2.47 inches of rain fell over a 13-hour period on the September 9, 2003 rainfall event
(Photos 9 and 10). Runoff, sediment, and debris from the Knight Canyon watershed
during this event were substantially less than from other comparably sized, nearby
watersheds that had not received such extensive treatment. This was quantified
through on-the-spot observations and photos, measurements of sediment removed
from LEBs, ponds, and other BMPs following the runoff event, and calculations
based on soil loss rates from burned and unburned land.

Photo 9. Weightman Canyon, September 9, 2003, Photo 10. Knight Canyon, September 9, 2003,
Not Treated Treated.
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The measurements of sediment removed from Pond Nos. 1, 3, and 7 (Figure
3) following the September 9, 2003 rainfall event are a testament to the effectiveness
of restoration measures that were implemented in the watershed following the
wildfire, including extensive seeding and crimped mulching. Observations during the
runoff following the September 9, 2003 event indicated that the runoff from the burn
area was relatively “clean,” especially in the context of the type of runoff that is
typically experienced following forest fires which is more akin to a debris flow than
to runoff. To characterize the effectiveness of the measures in the watersheds relative
to other untreated burned areas, WWE made the following very conservative
assumptions to estimate sediment yield from the Knight Drainage:

1. Sediment volumes removed from ponds Pond Nos. 1, 3, and 7 were used as
the basis for calculating sediment yields for the drainage areas above the
ponds. For the analysis of sediment yield above Pond No. 1, which is on
channel below the other ponds, sediment accumulation from all ponds above
Pond No. 1 were also included in calculations.

2. WWE assumed a porosity/water content of sediments removed from ponds
of 30 percent. In other words, every m3 (yd3) of sediment removed from a
pond, consisted of 1 m3 (0.7 yd3) of sediment and 1 m3 (0.3 yd3) of pore
space and/or water.

3. WWE assumed a specific gravity of 2.65 g/cm3 for sediments.

4. WWE multiplied the mass of sediment removed from the ponds by a factor
of two to account for sediments in runoff that were not trapped by the pond.
This corresponds to a pond efficiency of 50 percent.

5. WWE then determined sediment yield by dividing the mass of material by
the area above the pond to give sediment yield in terms of metric tons of
sediment per ha. To place an upper bound on sediment yield from the
watershed, WWE multiplied the yield determined from the sediments
removed after the September 9, 2003 event by a factor of five. This is a very
conservative assumption, essentially assuming that five events of the
magnitude of the September 9, 2003 event occur in a single year.

The results of these calculations are shown in Table 5, in which the estimated
maximum annual sediment yields summarized demonstrate excellent effectiveness of
restoration efforts in the watershed. Peter Robichaud of the United States Department
of Agriculture (USDA) Forest Service, a well-known researcher on hydrologic and
sediment delivery effects of wildfires in the west reports typical sediment yield rates
following wildfires ranging from 3 to 20 ha/ac/yr (9 to 49 tons/ac/yr) RePichaud 2000y
By comparison, the soil loss rates for the Knight Drainage are amazingly low.

Water quality samples from the South Drainage, Knight Canyon, the Florida
River, and Weightman Canyon were collected and analyzed. Results of these
analyses show the BMPs have been effective, with total suspended solids (TSS)
averages for Weightman, Knight, and South Drainages of 5,432, 1,655, and 14,371
milligrams per liter, respectively.
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TABLE 5

MAXIMUM ANNUAL SEDIMENT YIELD ESTIMATES FOLLOWING THE

MISSIONARY RIDGE WILDFIRE!

Pond Estimated Maximum Annual Sediment Yield for Watershed above Pond
(metric tons per ha per year/ tons per acre per year)

No. 1 0.13/0.14

No. 3 0.09/0.10

No. 7 0.06/0.07

! For the Knight Drainage Watershed, based on sediments removed from ponds.

Conclusion and Lessons Learned

1.

The implementation of BMPs immediately after the fire when the
hydrophobicity of the soils is greatest was an important component of the
program. Clearing debris from the channels, installation of detention basins,
LEBs, and debris racks before large rainstorm events in August and
September greatly reduced post fire stormwater runoff during periods when
the soils hydrophobicity and related runoff was highest.

Early on the ground coordination with funding entities (NRCS, Bureau of
Reclamation, CDPHE), environmental regulators (USACE, NFS, State
Forest Service), and private landowners proved very helpful with both
funding the work and avoiding conflicts with environmental regulations and
private landowner interests.

Using a multi-pronged approach including a diverse array of BMPs was
imperative to the success of the program. The coordination of sawyers to
salvage burned trees (salvaged loggers) and install LEBs, aerial and hand
application of seed, debris removal from channels and the installation of
debris racks and detention basins, and mulching, including hand crimping,
all lead to the success of reducing soil loss.

Crimping. the mulch by driving the mulch by hand into the soils was
important, as very little straw mulch was lost from wind and runoff, and
allowed for the successful use of straw mulch on steeper slopes.

Maintenance of the BMPs after installation was a major factor in the success
of the program. LEBs were continually reconstructed, and the soil that
accumulated behind each LEB was removed, thus creating basins behind the
LEBs. The ongoing maintenance of the LEBs, including deposited soil
removal, is instrumental even today in reducing the soil loss in the basin.
Overall, the crew has reconstructed 223 ha (550 ac) of LEBs. Furthermore,
the maintenance program includes cleaning out debris racks, detention
basins, and spot reseeding and remulching throughout the project area.
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